Asthma is a multifactorial disease, in which the intricate interplay between genetic and environmental factors underlies the overall phenotype of the disease. Using a genome-wide scan for linkage in a population comprising of Danish families, we identified a novel linked locus on chromosome 1qter (LOD 3.6, asthma) and supporting evidence for this locus was identified for both asthma and atopic-asthma phenotypes in the GAIN (Genetics of Asthma International Network) families. The putative susceptibility gene was progressively localized to a 4.5 Mb region on chromosome 1q adjacent to the telomere, through a series of genotyping screens. Further screening using the pedigree-based association test (PBAT) identified polymorphisms in the OPN3 and CHML genes as being associated with asthma and atopic asthma after correcting for multiple comparisons. We observed that polymorphisms flanking the OPN3 and CHML genes wholly accounted for the original linkage in the Danish population and the genetic association was also confirmed in two separate studies involving the GAIN families. OPN3 and CHML are unique genes with no known function that are related to the pathophysiology of asthma. Significantly, analysis of gene expression at both RNA and protein levels, clearly demonstrated OPN3 expression in lung bronchial epithelia as well as immune cells, while CHML expression appeared minimal. Moreover, OPN3 down-regulation by siRNA knock-down in Jurkat cells suggested a possible role for OPN3 in modulation of T-cell responses. Collectively, these data suggest that OPN3 is an asthma susceptibility gene on 1qter, which unexpectedly may play a role in immune modulation.
INTRODUCTION
Asthma and atopic disorders are considered common complex genetic disorders with both environmental and genetic etiologies and are an important public health concern, with the treatment of asthma alone in the US costing billions of dollars a year (1) . The complex interplay between genetic and environmental factors underlies the overall phenotype of asthma and an individual's environmental exposure to allergens, pollutants and respiratory viruses contribute to the development of asthma (2, 3) . Genome-wide screens for asthma and related phenotypes have been completed in a number of independent populations (4 -17) resulting in a number of genes being reported to be associated with asthma, atopy, or related phenotypes. Evidence of association for the positionally cloned genes DPP10 on 2q14 (18) , GPRA on 7p (19) , PHF11 on 13q14 (20) and ADAM33 on 20p13 (21) are published, though the replication from independent populations is lacking for some of these studies. Recently, genome-wide association studies in asthma has been reported and ORMDL3 is proposed as a susceptibility gene for asthma (22) . Although these initial reports present encouraging data, extensive functional work is nevertheless required to fully confirm the role of these identified genes in the pathophysiology of asthma.
To identify novel asthma susceptibility genes, we conducted linkage analysis in two independent populations followed by association analyses in the linkage region. A region with significant linkage to atopic asthma was identified in the Danish population and was subsequently replicated in the GAIN population. Association analyses in the Danish population identified OPN3/CHML as putative asthma susceptibility genes within the linkage region and subsequent replication analyses in the GAIN population confirmed these results. OPN3 is a Family-A GPCR, belonging to the opsin family of receptors (23) and is a recently discovered extraretinal photoreceptor, which may play a role in non-visual photic processes such as the entrainment of circadian rhythm or the regulation of pineal melatonin production. CHML [choroideremia-like (Rab escort protein 2)] is a single exon gene that is encoded within the first intron of OPN3 and the product of the CHML gene supports geranylgeranylation of most Rab escort proteins for intracellular transport, regulation of GTPase activities as well as visual perception pathways. To determine which of the OPN3 and/or CHML genes are associated with the pathophysiology of asthma, both expression and functional studies were undertaken. The studies strongly suggested that OPN3 is functionally associated with asthma and the gene product may be involved in the modulation of the immune response.
RESULTS

Linkage analysis
Summary of the clinical characteristics of the populations analyzed are given in Table 1 . Multipoint linkage analysis using 294 families (1151 subjects) from the Danish population identified linkage on chromosome 1qter for both asthma (LOD 1.48) and atopic asthma (LOD 2.15) near the marker D1S1609 (263 cM). This finding was subsequently replicated in 364 GAIN families (1551 subjects) from Europe, Australia and the United States (LOD 1.66 between markers D1S2850 and D1S1609) for atopic asthma (17) . To increase genetic confidence in the observed linkage at this locus and also to facilitate subsequent gene identification, further linkage refinement studies were undertaken. Single nucleotide polymorphisms (SNPs) were selected at 1 cM intervals across the linkage region and were genotyped in the Denmark population (list of the SNPs provided Supplementary Material, Table S1 ). Multipoint linkage analysis confirmed and improved upon the original linkage data in the Danish cohort generating an LOD of 3.6 at rs595773 for asthma and an LOD of 2.7 at rs914940 for atopic asthma. (Fig. 1) . The span of the 1-LOD confidence interval for this locus decreased to 11.5 cM (4.5 Mb) between flanking markers rs947306 and rs1890820.
Association analyses
Next, an association screen was performed across the 4.5 Mb interval to identify the potential susceptibility genes responsible for the observed linkage to asthma. SNPs were selected at 25 kb intervals across the entire locus and genotyped in the primary association population. A Transmission Disequilibrium Test (TDT) was performed using the PBAT program (24, 25) , using 120 SNP markers that spanned the entire locus resulting in a final average marker spacing of 37.5 kb. We used the screening approach implemented in the PBT program to identify the significant association. PBAT screening using an additive model identified three significant markers associated with asthma: rs628720 (P-value 0.006); HCV1292443 (P-value 0.02); HCV1292455 (P-value 0.03). Screening using the atopic-asthma phenotype identified one significant marker HCV1292455 (P-value 0.024, Table 2 ). These data reveal that the most consistent and significant association signals in the locus came from SNPs in a region that included the genes encoding both OPN3 and CHML.
In order to examine the origin of the linkage signal observed at the 1qter locus, we next tested a series of nine SNPs spanning the OPN3/CHML region to see if they could explain the original linkage result in the Danish cohort. Interestingly, a single SNP (rs614251) within the OPN3 gene accounted for the linkage signal observed. A permutation test for association (10 000 permutations) gave an empirical P-value 0.0001 for asthma phenotype, implicating this polymorphism or other polymorphisms in linkage disequilibrium (LD) with it. Furthermore, partitioning of LOD scores for the 1qter locus based on individual genotypes values at SNP rs614251 revealed that homozygotes for the minor (T) allele accounted for virtually the entire linkage signal observed at this locus (see Supplementary Material, to see the Methods and Results).
We then conducted a replication analysis in the UK and Norway families from the GAIN1 collection (442 families). A total of 20 SNPs in the OPN3 gene region were analyzed using a family-based association test (FBAT) against an expanded set of phenotypes [Asthma, Atopic asthma and Bronchial hyper-reactivity (BHR)]. Eleven significant SNPs (P-value:0.045 -0.003) were identified (Table 3) . We then analyzed the data in a second replication population from the GAIN study. This population comprised 404 families from Greece, Germany, Australia, Groningen and United States (NC). Eighteen markers in the OPN3 region were genotyped and analyzed using family-based association analysis. The LD pattern indicated the existence of two LD blocks and the LD block structure was highly similar in all three Caucasian populations examined ( Fig. 1 ) with evidence of association distributed throughout the gene, although the significance level varied. Conditional analysis of association under the assumption of linkage demonstrated significant evidence of association in the LD block 2 (Fig. 1, Table 4 ). Further evaluation of SNPs within the same LD block provided a similar linkage profile to that observed for rs614251. Similar profiles were not observed for markers outside this LD block, suggesting that any genetic effects are limited to a region around the first intron of the OPN3 gene. Significant SNP level replication was observed in the association analysis as well. The SNP which explained the linkage in the Denmark population (rs614251) was associated with asthma in the Denmark population (P-value 0.043,Supplementary Material, Table S2 ) and in the GAIN2 population (P-value 0.047, Table4). The same marker was associated with BHR in the GAIN1 population (P-value0.0036, Table3). The significant SNP HCV605574 for asthma was replicated in the Danish (P-value ¼ 0.0314) and GAIN2 (P-value ¼ 0.00379) populations. The significant marker HCV1292455 in the Danish population (P-value 0.01) was associated with BHR in the GAIN1 population (P-value 0.025). These three SNPs were in significant LD (average D 0 ¼ 96) and is located in the associated LD block 2. Haplotype analysis supported the results of single SNPs association studies. If linkage is assumed, the most significant haplotypic associations were from block 2, which covers the OPN3 region.
The genomic structure for the genes OPN3 and CHML is illustrated in Figure1D. Significantly, the single exon encoding the CHML gene lies within the first intron of OPN3 (26) , thus making it impossible to unambiguously distinguish between OPN3 and CHML as potential asthma candidate gene based on LD data alone. Indeed, sequence analysis of both genes failed to identify any coding polymorphisms in a panel of asthmatics (data not shown). However, the linked SNP, rs614251, lies within the 5 0 flanking region of OPN3, which suggests that gene expression levels of OPN3 could functionally drive the observed association. To investigate this possibility, we performed mRNA expression analyses using quantitative PCR (qPCR; TaqMan, ABI) expression profiling for both CHML and OPN3 across a wide variety of tissues and cell lines of immune origin (Figs 2 and 3 ). Significantly and in contrast to the published brain-specific expression for murine OPN3 (27), we observed a wide tissue distribution for OPN3 throughout the major tissues in Human with particularly higher expression in lung, placenta and spleen and in accordance with the wide distribution for OPN3 reported by Halford et al., (26) . In addition, we also observed a wide expression from CHML, yet overall levels of expression for CHML appeared (significantly) lower than those observed for OPN3, suggesting that OPN3 is more likely to be the gene of interest. However this will not completely discount the role of CHML. Importantly, we noted that OPN3 mRNA was highly expressed in macrophages, bronchiolar epithelium, primary T-cells and dendritic cells, whereas CHML was consistently expressed at lower levels in all immune cells examined (Fig. 2B) . Finally, we examined OPN3 transcript levels within asthmatic lung samples (data not shown) and compared their values with normal lung expression. OPN3 transcript levels were 2.5 times higher in asthmatic tissue in comparison to those in normal lung tissue.
Taken together, the above observations suggest that OPN3 is highly expressed in tissues not normally associated with the expression of opsin receptors and more importantly, that OPN3 appears to be expressed in tissues of importance for immune responses and asthma. We therefore examined the levels of OPN3 protein in key tissues associated with asthma as well as opsin biology (retina and brain) using immunohistochemistry (IHC) (Fig. 4 ). For this we generated an antiserum raised against OPN3 protein using a immunogenic peptide (amino acids 331-341) and characterized the resulting rabbit polyclonal antiserum for IHC using peptide competition experiments and heterologous OPN3 expression in mammalian cells to fully validate the antiserum for IHC (data not shown). In agreement with the mRNA expression data, we observed protein expression for OPN3 in Human lung bronchiolar epithelium ( Fig. 4A and B) ; clear cell surface staining for OPN3 in T-cells and B-cells as well as certain dendritic cell subtypes (data not shown). Moreover, we observed OPN3 protein expression in several Human tissues using a tissue array format, which again confirmed the mRNA expression observations (Table 5 ). Finally, we examined OPN3 protein expression in tissues derived from Human asthmatic and nonasthmatic lung tissue. The observed staining pattern suggested that OPN3 is expressed in both asthmatic and non-asthmatic lung samples ( Fig. 4A and B) with positivity observed in alveolar macrophages, together with the respiratory epithelium in the trachea and epithelium of the submucosal ducts. Initially, it appeared that OPN3 protein may be over-expressed in asthmatic lung, but this apparent over expression is likely due to the increased infiltration of OPN3 expressing inflammatory cells into the asthmatic lung, rather than a true cellular over expression.
Opsin receptors are functionally associated with light perception and the regulation of circadian rhythms (23, 28) and therefore, we also examined OPN3 expression within the Human retina using IHC (Fig. 4C) . We clearly observed staining for OPN3 within the neural layers of the retina, including the ganglion cell layer, the outer and inner plexiform layers as well as positive staining within the photoreceptor layers. Protein expression was also examined for OPN3 in Human brain covering several brain subsections and using the same antiserum, we only detected staining in specific neurons within the substantia nigra (Fig. 4D) . Control sections treated with non-immune, isotype specific immunoglobulin under identical staining conditions were negative (data not shown). Finally, we attempted to examine the expression of CHML protein using IHC, but unfortunately, despite several attempts, we were unable to raise antisera of sufficient quality to permit analysis of CHML expression. Given the wide expression of OPN3 at both mRNA and protein levels within cell types of the immune system and bronchiolar epithelial cells, together with the possible genetic association data to asthma, we were next interested in functionally modulating OPN3 to explore the functional consequences of OPN3 agonism or inverse agonism with respect to immune function. Unfortunately, no pharmacological tools exist for OPN3 and moreover, OPN3, in belonging to the super family of opsin receptors, is likely to be expressed with a covalently bound ligand which is conformationally modulated by photons of light. A well-characterized member of the opsin GPCR family is the rhodopsin receptor, in which the agonist, 11-cis-retinal, is covalently bound to the receptor and isomerased to All-Trans-Retinal (ATR) following light activation before recycling back to the cis-retinal form as part of the retinoid visual cycle (29) . Formally OPN3 remains an orphan receptor but the related melanopsin (OPN4) receptor has recently been shown to similarly bind retinaldehyde as a covalently bound ligand and is functionally involved in the entrainment of circadian rhythms (30 -32) . Moreover, tmt (teleost multiple tissue)-opsin, the zebrafish orthologue to OPN3, is light responsive and involved in circadian rhythm entrainment in zebrafish (33) and therefore by analogy, it is possible that OPN3 likewise possesses an endogenous light responsive ligand and shows a similar function in Humans. Unfortunately, we were unsuccessful in pharmacologically modulating heterologously expressed OPN3 through the binding of various retinals/retinaldehydes; detecting any signaling through classical G-protein signaling cascades in mammalian cells or generating constitutively active mutants of OPN3, despite similar results having been reported for the Rhodopsin receptor (data not shown). Therefore, we decided to employ an siRNA-mediated gene knockdown approach against OPN3 as an alternative technique to mimic the antagonistic modulation of OPN3. We used this approach in a Jurkat cell line, an immortalized Human T-cell line, that is known to endogenously express OPN3 (data not shown), and is therefore likely to express the receptor with an intact endogenous ligand. We hoped that this approach could inform us as to a function for OPN3 in T-cell biology, given the well-documented role of T-cells in the immunopathology of asthma (34, 35) .
Three siRNA sequences were designed to specifically target OPN3 mRNA together with a random sequence to act as a negative control. These reagents were individually delivered to cultured Human Jurkat T-cells using Amaxa nucleofection and following 48 h incubation, OPN3 gene knockdown was monitored by measuring OPN3 mRNA levels in the cells relative to control housekeeping gene expression. A significant reduction in mRNA expression of OPN3 of over 70% was consistently observed relative to the random sequence control (RSC) for all three siRNA reagents (Fig. 5B) . The biological consequences of OPN3 gene knockdown with regard to T-cell activation were next examined in the same Jurkat cells through the measurement of IL-2 secretion in response to T-cell stimulation following T-cell receptor (CD3/CD28) antibody cross-linking in the presence and reduction of OPN3 expression (Fig. 5A) . Significantly, all three OPN3 siRNA sequences reproducibly and robustly inhibited IL-2 production after 48 h activation (P , 0.001), and the inhibition specifically correlated with the knockdown of OPN3 mRNA.
DISCUSSION
Our data demonstrate that polymorphisms within the OPN3/ CHML gene locus on human chromosome1q are associated with asthma and asthma-related phenotypes. The SNP which explained the linkage (rs614251) was associated with asthma in the Danish and GAIN2 population and with BHR in the GAIN1 population. The SNP HCV605574 was associated in the Danish and GAIN2 populations for asthma phenotype; HCV1292455 with BHR in the Danish and GAIN1 populations. Though these three associated SNPs were in significant LD, none of the SNPs were associated in all three populations for the same phenotype analyzed. So we consider this as a locus replication and not a specific SNP level replication. On the basis of the observed expression in immune cells, OPN3 is more likely to encode the gene product functionally associated with asthma, although we are unable to formally discount CHML as being the functionally associated gene product. CHML lies in the first intron of OPN3 (26) and it was therefore impossible to distinguish between these potential asthma candidate genes based on LD data. This is analogous to one of the recent publications on FTO as an obesity susceptibility gene, which is in tight LD with another gene KIAA1005 (36) . Another important point is that one of the flanking genes KMO could also be associated with asthma; however, the LD data shows that the association signals are not coming from KMO, but from OPN3/CHML. CHML is required for the prenylation and membrane localization of Rab proteins and is essential for their role in lysosomal trafficking. Loss of Rab function is known to effect membrane trafficking and have a downstream effect upon secretion, uptake and delivery of proteins to the cell surface. It is possible that CHML association with asthma may be due to a defect in the prenylation of specific Rabs leading to an inappropriate immune surveillance or inappropriate responses to inflammatory stimuli.
OPN3 (opsin3, encephalopsin or panopsin) is a member of the guanine nucleotide-binding protein (G-protein)-coupled receptor super-family (GPCR), which characteristically signal via the activation of heterotrimeric G-proteins. As a subgroup within the GPCR super-family, opsins are photosensitive as a result of their fusion with a light sensing chromaphore called retinal and so far, over 1000 different opsins have been identified. As an opsin, OPN3 encodes a 403 amino-acid polypeptide chain that forms the typical seven a-helical transmembrane structure with the classical opsin lysine residue at position 299, required to form a Schiff base with its retinal as well as an acidic aspartate at position 115, to act as a counter-ion to the basic Schiff base. However, despite all these opsin characteristics, the chromaphore for OPN3 remains undefined and although OPN3 has not been demonstrated as being photosensitive as have other 'orphan' opsins such as OPN4 (23,30 -32) , is a reasonable conjecture that OPN3 is likely to function as a photosensitive opsin, possibly binding a retinaldehyde-based chromaphore. Given the lack of knowledge of the chromaphore associated with OPN3 and our observations that the OPN3 protein is widely expressed throughout Human tissues, including regions where light is unlikely to penetrate, the function(s) of OPN3, whether light sensitive or insensitive, remain unknown. Indeed, the close yet distinct position of OPN3 to that of vertebrate visual and non-visual opsins within the opsin phylogenetic tree suggests that OPN3 may possess a novel function (23) . Functional clues to the role of OPN3 have arisen from studies associated with the closely related zebrafish orthologue, tmt-opsin (Telost multiple tissue), whereby tmt-opsin and OPN3 lie on the same branch of the opsin phylogenetic tree and possess common genomic structures and sequence identities (33) . Like our observations for OPN3, tmt-opsin is expressed in multiple tissues within zebrafish but importantly has been shown to be functionally light sensing and possibly involved in the photic regulation of the zebrafish peripheral circadian rhythm in several organs (33) . OPN3 could share a similar function within vertebrates, but this remains to be investigated.
In these reported studies, we have demonstrated that the OPN3 gene locus is genetically associated to several asthma phenotypes and OPN3 is expressed throughout the body in several peripheral tissues, including the ganglion and plexiform neuronal layers as well as the photoreceptor layers of the retina. Surprisingly we show that OPN3 appears to have a functional role in modulating IL-2 secretion from Jurkat cells, an immortalized T-cell line, following T-cell receptor activation. Taken together, these results are strongly suggestive that even if OPN3 does act as a photosensitive opsin with a functional role relating to circadian entrainment, it may play a further as yet undefined role in T-cell signaling processes and immunomodulation, which could relate back to the observed genetic association with asthma and asthmatic phenotypes. Mechanistically, cytokines released from TH2 and, to a lesser extent, TH1 T-cells promote the recruitment to the lung and mobilization of eosinophils and mast cells, which in turn promote the progressive pathogenesis of asthma. Understanding what governs the polarization of TH2 positive T-cells and their activation may be key for controlling the pathogenesis of asthma. The silencing of OPN3 expression by siRNA, a process which is somewhat analogous to the action of an antagonist at the receptor, has been shown to have an inhibitory effect on cytokine production in a Jurkat T-cell line. This suggests that OPN3 may play a role in TH1 and TH2 cells polarization and thereby could provide an interesting approach to examine effects on polarization of TH cells, their effector functions and how this may relate to asthma pathogenesis.
Given the possible role for OPN3 in asthma as suggested by our genetic and functional studies as well as the likely role of OPN3 in the regulation of peripheral circadian rhythms, it is interesting to note that asthma itself is strongly associated with the circadian cycle (37) . Pulmonary function in asthmatic patients frequently deteriorates between midnight and early morning and although relationships between bronchial asthma and the function of circadian clock genes still remain unclear, it is interesting to speculate that OPN3 could play some role to marry circadian regulation and photo-entrainment with the regulation of immune responses in asthma. Indeed, anecdotal evidence for light being involved in the modulation of immune responses has recently arisen from UV light phototherapy for the treatment of allergic rhinitis (38, 39) . A second link between OPN3 and asthma could arise via its likely retinaldehyde-based ligand and Vitamin A. Asthmatics have been shown to have significantly lower serum concentrations of Vitamin A and dietary supplement of Vitamin A may be beneficial to asthmatics (40, 41) .
In summary, we identified replicated linkage to asthma at 1qter in two large Caucasian populations. Replicated evidence of association with OPN3/CHML was detected in subsequent association analyses. Gene expression analyses and functional studies of OPN3 suggest that this gene may play a role in the pathophysiology of asthma and immune cell function.
MATERIALS AND METHODS
Subjects
Linkage analyses: primary population. The primary linkage population consisted of family samples collected from the Department of Respiratory Medicine at hospitals in the metropolitan area of Copenhagen, Denmark. For each family, at least two siblings with clinical asthma were required. The Danish population consisted of 294 families with 1151 subjects (42) . Clinical characteristic of the subjects used in linkage analyses are provided in Table1.
Linkage study: replication population. Asthma families recruited at eight clinical centers as part of the GAIN collection served as the replication population for linkage. Recruitment procedure, population characteristics and results from the linkage analyses are published elsewhere (17, 43, 44) .
Association analysis: primary population. The subjects used in the primary linkage analysis (Denmark) served as the primary population for family-based association analyses. The clinical characteristics of the children and parents are provided in Table1.
Association analysis: replication population 1 (GAIN1). Four hundred and forty-two families from the GAIN collection was used as the primary replication cohort. The clinical centers are listed with the number of families and that of subjects in parentheses: Aberdeen, 94 (401); Leicester, 73 (301); Sheffield, 93 (399); Stoke-on-Trent, 82 (345); and Norway 100 (414). In the selection of these families, at least two siblings with clinical asthma were required. The ascertainment procedure for the GAIN collection is described elsewhere (43) . The clinical characteristics of the children and parents are provided in Table1. 
Phenotypes
All subjects were evaluated using standard protocols. Baseline spirometry was performed according to American Thoracic Society criteria (45) . A methacholine challenge test was performed in all subjects unless the baseline FEV 1 was 70% of the predicted value (46, 47) . Skin prick tests for common allergens (mites, animal, insects, pollen and mould) were conducted. The patients were considered atopic if the wheal diameter was !3 mm above the negative control (saline) for at least one allergen tested. Total Serum IgE measurements were taken in all but the Danish subjects. The following phenotypes were utilized for the purposes of this study:
(1) Asthma: a participating physician examined these patients and made a conclusive diagnosis of asthma. (2) Atopic asthma: defined by physician's diagnosis of asthma and a positive result on at least one skin allergen test. (3) BHR is defined as a positive methacholine response (!20% reduction in FEV 1 ) at or below 8 mg/ml of methacholine.
Genotyping
Details on the microsatellite markers used for linkage analysis of the GAIN and Danish populations are described previously (17, 44) . For linkage refinement and association studies, SNPs were selected from public databases and from the Applied Biosystems Assay-on-Demand TM catalog. The list of markers used in the linkage refinement analyses is given in Supplementary Material, Table S1 . Genotyping was performed using Amplifluor TM , TaqManw or Luminex technologies. For the FRET-based genotyping technologies, genotypes were read using an ABI 7900HTs while the SBCE genotypes were read on a Luminex LX100.
Statistical analysis
All the markers typed for linkage analyses were placed on the Decode-NCBI integrated map. Multipoint non-parametric linkage analysis, as implemented in MERLIN, was used in all analyses (48) . This software implements the Kong and Cox's likelihood modification (49) which calculates exact likelihoods and reports LOD scores based on a one parameter allele sharing statistic, Zlr, rather than using the perfect data approximation. LOD scores were computed at a grid density of 1 and 0.1 cM for the primary and refinement scans, respectively. Entropy, a measure of information content, was also calculated in Merlin. Where SNPs under a linkage peak were subsequently found to be associated with disease, conditional analysis was performed to evaluate if the associated SNP accounts for the linkage observed (50) .
A two-stage testing strategy implemented in PBAT version 3.5 was used to screen the markers in the Denmark population using asthma and atopic-asthma phenotypes for association analyses (51) . For analyzing one phenotype, the strategy used the same data set for steps, screening and testing, without any model variation. In the first step (screening), the SNPs and genetic models that best predicted offspring phenotypes were selected by using parental genotypes, and the conditional power of all SNPs was estimated (52) . In the second step (testing), the selected SNPs were examined for the association with asthma and BHR, respectively, using FBAT (53). The two steps were independent statistically (52), so it was required to only adjust the FBAT statistic results for the number of comparisons performed on the testing step. A SNP that reaches significance after this adjustment was considered significant at a total-scale level. According to the guidelines of Van Steen et al. (54) , a SNP was considered significant at a total-scale level if its unadjusted P-value multiplied by its power rank number was 0.05. FBAT (55) was used for the replication analyses. Haplotype analyses were conducted using the HBAT function of the FBAT program with the use of Monte Carlo sampling (56) . The LD structure in the OPN3 region was examined with the program, Haploview (57, 58) .
SNP discovery by sequencing
SNP discovery within OPN3 and CHML was undertaken by direct sequencing of PCR products from all exons (plus 100 bp flanking introns); 5 kb upstream of transcription start and 500 bp downstream of transcription stop sites. The sequencing panel consisted of 16 asthmatics from the Danish cohort plus 6 random population controls.
TaqMan tissue mRNA profiles
For tissue distribution profiles, poly A þ RNA from 20 tissues of four different individuals (two males, two females except prostate) was prepared, while for cell distribution profiles, total RNA was prepared from the samples indicated. The RNA was reverse transcribed and analyzed by TaqMan quantitative PCR as described previously (59) . Briefly, 0.5 mg of poly Aþ RNA (tissues) or 10 mg (cells) was reverse transcribed using random priming and the cDNA produced was used to prepare multiple replicate plates with each well containing the cDNA from 0.4 ng poly Aþ RNA or 20 ng total RNA. TaqMan quantitative PCR (Applied Biosystems, Warrington, UK) was used to assess the level of each gene relative to genomic DNA standards. The data are presented as the means of mRNA copies detected/ng poly Aþ RNA from four individuals+SD (n ¼ 4), or as single measurements for cell data.
Gene-specific reagents for OPN3: 
Tissue expression: protein
Human lung (asthmatic and non-asthmatic) eye and brain tissue samples were commercially obtained from appropriately consented donors. Four micrometer-thick sections were prepared from paraffin blocks for immunohistochemistry on an automated staining system (Autostainer, Dako Instruments). Briefly, sections were incubated with avidin D then biotin for 15 min each (Vector Laboratories) followed by 3% hydrogen peroxide for 5 min to inhibit endogenous biotin and peroxidase, respectively. The tissues were then blocked using serum free protein block (Dako) then incubated with an antibody directed against human OPN3 (Open Biosystems) applied at a concentration of 0.75 ug/ml for 30 min at room temperature. A biotinylated goat anti-rabbit IgG secondary antibody (Vector Laboratories) was applied for 30 min followed by the Vectastain ABC Elite kit (Vector). Immunoreactive areas were visualized using Diaminobenzidine (DAB) for 5 min (Dako). Non-immune isotype negative controls were performed under the same conditions as the OPN3 antibody. The specificity of the immunostaining was tested using primary antibody pre-adsorbed with OPN3 immunizing peptide (ratio 1:10) overnight at 48C before incubation on the tissue (data not shown). Examination and photography were performed using a Leica DMLB light microscope and a Leica DC500 camera.
siRNA gene modulation siRNA reagents were purchased from Ambion as the following sense strand sequences (5'-3'):
OPN3 284755: CCUGGUCACUCCAACAAUAtt, OPN3 284756: CCUUUACCUUCGUGUCCUGtt, OPN3 5570: GGCAAACUCCCAUAUAUUUtt.
Jurkat JE6.1 cells were transfected using the Amaxa nucleofection technology. Cells were resuspended in Amaxa Cell Line V nucleofector solution (2Â10 6 per reaction) according to the manufacturers' instructions, 5 mM siRNA added and nucleofected using manufacturer program C16. Cells were then immediately transferred to 1.5 ml RPMI-1640 medium (Invitrogen, UK) containing penicillin and streptomycin and supplemented with 10% FCS and 20 ng/ml rhIL2 (recombinantly expressed and purified by GSK, UK). Cells were activated 48 h post-transfection by transfer of 2Â10 5 viable cells per well to a 96 well flat-bottomed tissue culture flask coated with 2 mg/ml anti-CD3 and 3 mg/ml anti-CD28 antiserum. After 48 h, cell-free supernatants were collected and assayed for IL-2 content using commercial kits (Quantikine, R&D Systems) according to the manufacturers' instructions. The amount of cytokine was calculated by reference to a simultaneously prepared standard curve. Total RNA was purified using the Promega SV96 RNA extraction kit and Beckman Coulter Biomek 2000 automation. Reverse transcription was carried out to synthesise cDNA using the ABI High Capacity cDNA synthesis kit and random primers, according to the manufacturers' instructions. Real-time PCR analysis was performed using ABI Universal TaqMan master mix and an ABI 7900 machine. Primers and probes were designed using Primer Express Software (Applied Biosystems). GAPDH was used as an internal control for normalization of the data. Primer sequences used were: Inhibition of IL2 release and relative abundance of OPN3 mRNA were compared for the OPN3 siRNAs relative to an RSC. Averaged data are expressed as means+SE. Significance (P , 0.001) was determined by the multivariate analogues of Dunnett's ANOVA.
